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We investigate spin-dependent transport through a band-gap-matched ZnSe/Zn12xMnxSe
heterostructure with a single paramagnetic layer under influence of both an electric and a magnetic
field. It is shown that the magnetic-field tunable potential and its symmetry in this system can be
significantly modulated by the electric field, which results in obvious dependence of the magnitude
of the electronic spin polarization on the electric field magnitude. The results obtained in this work
might shed light on the development of new electron-polarized devices. © 2000 American
Institute of Physics. @S0021-8979~00!00524-7#I. INTRODUCTION
Recently electronic spin polarization in solid-state sys-
tems has attracted considerable attention,1–20 fueled by the
possibility of producing efficient photoemitters with a high
degree of polarization of the electron beam, creating spin-
memory devices1 and spin transistors,2 as well as exploiting
the properties of spin coherence for quantum computation.3
The idea of electronic devices that exploit both the charge
and spin of an electron for their operation has given rise to
the new field of ‘‘spintronics,’’ literally spin electronics,4 in
which the direction an electron spin is pointing is just as
important as its charge.
In Mn-based systems electrons interact with the 3d elec-
trons of the localized magnetic moments of the Mn ions via
the sp – d exchange interaction. In an external magnetic field
this interaction gives rise to a giant effective Zeeman effect,
which lifts the degeneracy of the spin-up and spin-down
electron states.9 Spin superlattice was theoretically proposed
by von Ortenberg10 and experimentally realized by Dai
et al.11 and Chou et al.12 After that many creative theoretical
and experimental works have been conducted by exploiting
spin-dependent phenomena. Late last year, two groups suc-
ceeded in transporting a spin-polarized current across the in-
terface between two semiconductors—one magnetic and one
nonmagnetic. Fiederling et al.13 experimentally used the
magnetic semiconductor zinc selenide doped with beryllium
and manganese BexMnyZn12x2ySe as the spin-aligning fer-
romagnetic layer. Ohno et al.14 used manganese-doped
GaAs. In both cases, the researchers passed their spin-
polarized current into a GaAs-based light-emitting diode
with an efficiency of about 90%. These results imply that
fully switchable all-semiconductor spin valves should be
a!Electronic mail: guoy@phys.tsinghua.edu.cn6610021-8979/2000/88(11)/6614/4/$17.00
Downloaded 25 Mar 2010 to 130.34.135.83. Redistribution subject tofeasible.15 Theoretically, Carlos Egues16 investigated elec-
tronic spin filtering in perpendicular transport through a
magnetic-field tunable ZnSe/Zn12xMnxSe heterostructure
with a single paramagnetic layer. He found a strong suppres-
sion of the spin-up component of the current density while
increasing magnetic fields; the total current is dominated by
the spin-down component for a certain range of the magnetic
field. However, the electric-field effect was overlooked in the
work. The aim of this work is to reveal the effect of the
electric field on spin-polarized transport in the
ZnSe/Zn12xMnxSe heterostructure with a single paramag-
netic layer. The results indicate that the electric field can
greatly change the status of spin polarization in this system.
II. MODEL AND FORMULATION
The magnetic-field tunable ZnSe/Zn12xMnxSe hetero-
structure we study here is realistic and exactly the same as
that considered in Ref. 16 ~see Fig. 1!. In fact, it is similar to
the ZnSe/Zn12xMnxSe spin superlattice experimentally real-
ized in Ref. 11. Now we consider the spin-polarized trans-
port in this system under an external electric field. Because
of the sp – d exchange interaction, an external magnetic field
modulates the potential profile seen by a traversing electron
~or heavy hole! in a spin-dependent fashion. Spin-down elec-
trons see a quantum well while spin-up ones see a barrier.16
Within the mean field and for a magnetic field along the z
axis, the sp – d exchange interaction gives rise to a spin-
dependent potential Vsz52x^Sz&N0aszQ(z)Q(L2z) in
the Hamiltonian of the system. Here, x is the Mn concentra-
tion, ^Sz& is the thermal average of the Mn spin components
along the magnetic field ~a 5/2 Brillouin function!, N0a is
the electron sp – d exchange constant, sz is the electron spin
components 61/2 ~or ↑ , ↓) along the field, Q(z) is the
Heaviside function, and L is the width of the Zn12xMnxSe4 © 2000 American Institute of Physics
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field-induced term 2eVaz/L should be added to the poten-
tial U(z)5Vsz2eVaz/L .
In the absence of any kind of electron scattering the
motion along the z axis is decoupled from that of the x – y
plane. The in-plane motion is quantized in Landau levels
with energies En5(n11/2)\vc , where n50,1,2,... and vc
5eB/me* ~we assume a single electron mass me* throughout
the heterostructure!. Along the z axis the electrons are char-
acterized by a spin-dependent transmission coefficient
Tsz(Ez ,B ,Va), where Ez is the energy of a traversing elec-
tron in the z direction. Note that transmission coefficients are
functions of the incident energy Ez , the magnetic field B,
FIG. 2. Spin-dependent transmission coefficients for spin-up and spin-down
electrons traversing the ZnSe/Zn12xMnxSe heterostructure with a single
paramagnetic layer at zero bias and at applied biases, L5100 nm, B50.5 T.
FIG. 1. ZnSe/Zn12xMnxSe heterostructure with a single paramagnetic layer
and its conduction-band profile. ~a! zero band offset potential in the absence
of a magnetic field; ~b! for nonzero magnetic fields, spin-up electrons see a
barrier potential while spin-down electrons see a well potential.Downloaded 25 Mar 2010 to 130.34.135.83. Redistribution subject toand the applied bias Va , which can be determined from the
transfer-matrix method.17 To evaluate the electron spin-
polarization effect, it is useful to calculate the spin polariza-
tion of the transmitted beam defined by
P~Ez ,B ,Va!5
T↑~Ez ,B ,Va!2T↓~Ez ,B ,Va!
T↑~Ez ,B ,Va!1T↓~Ez ,B ,Va!
, ~1!
where T↑ and T↓ are the transmission coefficients for spin-up
and spin-down electrons, respectively.
We assume that the ZnSe layers are the emitter and col-
lector attached to external leads. The average spin-dependent
current density is defined by
Jsz~B ,Va!5
e
V (n ,ky ,kz>0
vz~kz!Tsz~Ez ,B ,Va!
3@ f ~E !2 f ~E1eVa!#E ucn ,ky ,kzu2dv , ~2!
where cn ,ky ,kz5(1/ALy) (1/ALz)e
ikyyeikzzwn(x) with wn(x)
the nth harmonic-oscillator eigenfunction centered at x0
52\ky /mvc . V5LxLyLz is the normalization volume, ky
and kz are the electron wave vectors along the y and z direc-
tions, f (E) and f (E1eVa) are the Fermi–Dirac distribution
functions in the left and right electrodes. These scattering
states have energies En ,kz5(n1
1
2)\vc1(\2kz2/2me*). The
summation on ky is equal to LxLyeB/2p\ , wn(x) is normal-
ized. Therefore, Eq. ~2! becomes
Jsz~B ,Va!5J0B (n50
‘ E
0
1‘
Tsz~Ez ,B ,Va!
3@ f ~E !2 f ~E1eVa!#dEz , ~3!
where J05e2/4p2\2.
III. NUMERICAL RESULTS AND DISCUSSIONS
In an external magnetic field, the paramagnetic layer in
the band-gap-matched ZnSe/Zn12xMnxSe heterostructure
behaves as a potential well for spin-down electrons and a
potential barrier for spin-up ones. With magnetic fields in-
creasing, the potential barrier becomes higher and higher
FIG. 3. Spin polarization for electrons traversing the ZnSe/Zn12xMnxSe
heterostructure with a single paramagnetic layer at zero bias and at applied
biases, L5100 nm, B50.5 T. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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results in obvious magnetic-field-induced spin polarization in
this system.16 Note also that additional asymmetry is pro-
duced by the external electric field; thus, the spin polariza-
tion becomes electric-field tunable. Figure 2 shows the spin-
dependent transmission coefficients for electrons traversing
the ZnSe/Zn12xMnxSe heterostructure with a single para-
magnetic layer. In all of the graphs, we use L5100 nm,
me*50.16me (me is the free-electron mass!, an effective Mn
concentration xeff5x(12x)12 with x50.05, N0a50.26 eV,
T54.2 K. At zero bias, unit quantum resonance appears in
the transmission spectrum. There exists two regimes for the
spin-up case at B50.5 T: for Ez.1.5 meV, there are some
resonant peaks, while for Ez,1.5 meV, the transmission is
completely suppressed. Note that the higher Ez the larger the
separation between the resonant peaks. These peaks corre-
spond to above-barrier virtual-state resonance in single-
barrier structures. For the spin-down case, the corresponding
potential is a well, therefore, we can see the transmission
coefficients are large in the wide Ez region. With the applied
bias increasing, transmission peaks shift to the low-energy
region, the transmission resonance is drastically suppressed
~i.e., the maximum magnitude of peaks decreases! and peaks
becomes less sharp. Another noticeable result is that the dif-
ference in the transmission for the spin-up case and for the
spin-down case lessens.
FIG. 4. LDOS distribution within the ZnSe/Zn12xMnxSe heterostructure
with a single paramagnetic layer at zero bias and at applied biases, L
5100 nm, B50.5 T. ~a! and ~b!: Va50 mV; ~c! and ~d!: Va55 mV; and ~e!
and ~f!: Va510 mV.Downloaded 25 Mar 2010 to 130.34.135.83. Redistribution subject toFor clarity, in Fig. 3 we present the spin polarization for
electrons traversing the heterostructure at zero bias and at
several applied biases. It is evident that the electric field
greatly changes the polarization of the electron. At zero bias,
electrons show stronger polarization for Ez,1.5 meV. With
the field increasing, the spin polarization significantly weak-
ens, which can be clearly seen in low incident energies. One
sees that the electric field plays a significant role in spin-
dependent transport. In single or double electric-barrier
structures18–20 and in magnetic-barrier structures21 studies
have shown that there exists spin-dependent polarization for
electrons. However, the polarization is not so large as that
found in the system considered here. The reason is that the
effective potential of the ZnSe/Zn12xMnxSe heterostructure
with a single paramagnetic layer is both magnetic-field in-
duced and electric-field induced: the potential for spin-up
electrons is a single barrier, while the potential for spin-
down ones is a single well; further, the electric field greatly
changes the symmetry and magnitude of the potential. There-
fore, the spin transport process shows stronger spin filtering,
in which the electric field plays a significant role.
It is well known that many important physical properties
and characteristics of a mesoscopic system are determined by
the local density of states ~LDOS!. In order to fully reveal
field-induced spin-polarized features, in Figs. 4 and 5 we
present the LDOS distribution within the structure for a
ZnSe/Zn12xMnxSe heterostructure with a single paramag-
FIG. 5. LDOS distribution within ZnSe/Zn12xMnxSe heterostructure with a
single paramagnetic layer at zero bias and at applied biases, L5100 nm,
B52 T. ~a! and ~b!: Va50 mV; ~c! and ~d!: Va55 mV; and ~e! and ~f!:
Va510 mV. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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tions of the electron energy Ez and the space coordinate z,
which illustrates the spatial localization over the structure.
The applied magnetic field is set to B50.5 T for Fig. 4 and
B52 T for Fig. 5. There are a few prominent features that
we would like to summarize here. ~1! The distributions of the
LDOS exhibit oscillations within the structure, and the char-
acteristics of the oscillations are very different for the spin-
down case and for the spin-up case. For the spin-down case,
the distributions of LDOS display rapid oscillations, and the
oscillations become more rapid as the magnetic field is in-
creasing, while the oscillations become less rapid for the
spin-up case. ~2! With the incident energy increasing, the
magnitude of the LDOS decreases and the corresponding
states become less localized. ~3! In the absence of the electric
field, the LDOS exhibits symmetric distributions with the
center of the structure. ~4! In the influence of an applied bias,
the corresponding spatial LDOS distributions over the struc-
ture differ essentially from those for the zero bias case. The
symmetry of the LDOS distributions is broken up. The os-
cillations become more complex and the states become more
extended. From Figs. 4 and 5, we can easily see that both the
magnetic field and electric field can greatly change the local
density of states, which results in magnetic-field induced and
electric-field induced spin-polarized features..
Spin-polarization features should be exhibited in spin-
dependent current density. At a fixed bias @see Fig. 6~a!#, the
spin-up current density is essentially exponentially decaying,
which reflects the dominant exponential suppression of T↑
for magnetic fields increasing. The spin-down component of
the current density displays obvious oscillations as the mag-
netic field is increased, which is due to the resonance in T↓ .
When the bias is increased, the current density increases cor-
respondingly. Figure 6~b! shows the current density as a
function of the bias at two fixed magnetic fields. As the
external electric field is increased, the current density splits,
FIG. 6. Spin-dependent current densities for spin-up and spin-down elec-
trons traversing the ZnSe/Zn12xMnxSe heterostructure with a single para-
magnetic layer, L5100 nm, E f55 meV.Downloaded 25 Mar 2010 to 130.34.135.83. Redistribution subject toand the difference between the spin-up and spin-down cases
show weak oscillations. Further, the larger the magnetic
fields is, the more obvious the spin-filtering effect is. These
interesting features are due to the average over the spin-
dependent transmission coefficients. If we consider spin
transport in the ZnSe/Zn12xMnxSe superlattice, at zero bias
the resonant spectrum is composed of resonant domains,
which are separated by a nonresonant region. Further, the
applied bias can also greatly change the spin-polarized status
in the superlattice system. The details of these results will be
presented elsewhere.
IV. CONCLUSIONS
In summary, the external electric field can significantly
modulate the magnetic-field tunable potential of the
ZnSe/Zn12xMnxSe heterostructure and its symmetry, which
results in considerable influence of the electric field on the
status of the electron polarization. The potential advantage of
the devices is that the spin-dependent processes can be easily
controlled by both external magnetic and electric fields. The
described effect can be a base of development for spin-
dependent fast tunneling electronic devices.
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